Purpose. The paper aims at estimation of resource of strength increase for railway wheel disk. Methodology. The material for research was carbon steel of railway wheel containing 0.57%C, 0.65%Si, 0.45%Mn, 0.0029%S, 0,014%P, 0,11%Cr. A railway wheel was heated to the temperatures above 3 Ac and was held at this temperature until the completion of аustenite homogenization processes and then the disk was cooled at a growing rate to a certain temperature. A temperature interval of completion of the speed-up wheel disk cooling was 200-450 C. Structure was studied with the use of research methods under electronic and light microscopes. After accelerated cooling the estimation of metal structure imperfection degree was carried out with the use of X-ray structural analysis method. The stress and yielding limit of carbon steel were determined at tension, at a speed of deformation
The microhardness of steel structural components was estimated using the microhardness tester of PMT-3 type. Findings. The properties complex of railway wheel carbon steel depending on the temperature of the accelerated cooling termination is determined by the correlation of soften and work-hardening processes development. The effect of work-hardening is based on blocking of mobile dislocations due to a precipitation carbon atoms and dispersion work-hardening from the formed particles of carbidic phase. At the temperatures of the accelerated cooling termination of carbon steel higher than 300-350 C the decrease rate of strength properties is determined by the exceeding of total soften effect from disintegration of solid solution, acceleration of spheroidithation and coalescence of cementite particles above the dislocations blocking by the carbon atoms and dispersion work-hardening. Originality. Authors proved that the strength level of the railway wheel carbon steel from the temperature of accelerated cooling completion is determined by the influence ratio of the solid solution satiety degree and dispersion
Introduction
A complex form of railway wheel elements crossing and their large thickness have for a long time restrained the application of thermal hardening in order to achieve the high strength state in them. In operation of the railway wheel the disk undergoes complicated total loads. On this basis the development of proposals to improve the strength characteristics of railway wheel disk is an important scientific and technical task.
As compared to the other wheel elements the disk has the smallest thickness. Taking into account sufficiently high stability of austenitic phase in the carbon steel of railway wheel [11] one can hope to achieve the cooling rates close to the critical value during the accelerated cooling in metal volumes near the surface of the main heat removal.
State of the problem. During the thermal hardening of the disk for solid railway wheels formation of the structure gradient from the heat removal surface is accompanied by some change in complex of properties [1, 5] . Investigations of structural transformations using the technology of interrupted accelerated cooling determined that a significant influence in the achievement of properties level is caused by the development self-tempering processes [6, 7] . Taking into account the continuous nature of the cooling change rate in different layers of the wheel disc metal depending on their distance from the surface of intense heat removal, the structural condition of the metal should meet the tempering at a certain temperature [4] .
Thus, during the interrupted accelerated cooling when the structure gradient on the disk cross section is determined solely by the temperature of cooling termination [2.10] , the further metal tempering due to the heating from the internal volumes heat is accompanied by the complex structural changes in the internal structure [4] [5] [6] . On this basis, further study of structural changes in the selftempering process after the accelerated cooling to a certain temperature of cooling termination presents certain practical interest.
Purpose
The article aims to define the strength increase resource of the railway wheel disk.
Methodology
The material for research was carbon steel of railway wheel containing 0.57%C, 0.65%Si, 0.45%Mn, 0.0029%S, 0,014%P, 0,11%Cr. A railway wheel was heated to the temperatures above 3 Ac and was held at this temperature until the completion of аustenite homogenization processes and then the disk was cooled at a growing rate to a certain temperature. A temperature interval of completion of the speed-up wheel disk cooling was 200-450 C. Structure was studied with the use of research methods under electronic and light microscopes [2] . After accelerated cooling the estimation of metal structure imperfection degree was carried out with the use of X-ray structural analysis method. The stress and yielding limit of carbon steel were determined at tension, at a speed of deformation 3 1 10 s − − . The microhardness of steel structural components was estimated using the microhardness tester of PMT-3 type.
Findings
Research of the internal structure of heat hardened carbon steel from wheel disc confirmed qualitative correspondence with known experimental data [1, 4] . Metal structure near the surface of the railway wheel disk after rapid cooling to a certain temperature (the temperature of accelerated cooling termination) is to a great degree similar to the structure consisting of martensite tempering products at this temperature [8] [9] [10] .
The Figure 1 shows the structure of carbon steel samples after accelerated cooling to the temperature 200 C. Analysis of the internal structure shows that one can observe the signs of rail martensite after cold tempering (Figure 1 ) in the metal volumes near the surface of the main heat removal when the temperature of accelerated cooling termi-nation is about 200 C. Similar to the martensite after tempering from the separate heating at the same temperature, thickness of the formed martensite rails was approximately in the range of 0.1 to 0.8 microns. On the edges of the separate rails and their stacks there are the fine carbide phase particles with dimensions of approximately 0.03-0.04 microns. As compared to the bright-field microstructure images, when because of the low dislocation density and specific contrast it is quite difficult to classify the carbide phase, one used the image analysis in a dark field. The images in the dark field, in the cementite reflexes the particles are sufficiently clear. In addition, it was possible to watch the separation of dispersed carbide particles on the dislocation lines in the middle of certain martensite rails and line form, with random orientation (Fig. 1) .
Formation of the carbide phase is due to the development self-tempering process during the accelerated cooling. With further increase of the distance from cooling surface, the metal after structures forming according to the sliding or intermediate mechanisms undergoes the tempering at higher temperatures. The above mentioned influence on the processes of structure formation is similar in nature to the increase of temperature of the accelerated cooling termination. The temperature increase of accelerated cooling termination to 400 C is accompanied by the fully expected qualitative changes in the internal structure of metal (Fig. 2 ). In the carbon steel structure there are signs of initial stages of the processes similar to polygonization. They include the formation of focuses from the interwoven dislocations and the existence of the certain amount of broken contours from the dislocation groups. The simultaneous presence of cementite globules in the middle of microvolumes of metal with low dislocations density proves not only development, but also termination of polygonization during self-tempering of carbon steel after accelerated cooling. As a result of these processes the structure similar to the modulated one is forming. Some dislocation pits with certain dislocation density in the middle are separated by sufficiently broad walls of dislocations.
The formed dislocation cell structure in form is approaching the polyhedron. The middle part of the dislocation cells is foremost cleared of unbound dislocations. At the same time, there is a significant amount of cementite globules in the structure. Their size is significantly greater in comparison with the self-tempering temperature 200 C (Fig. 1) . Moreover, in the heat process from the recessed metal layers after termination of accelerated cooling to 400 C, it takes place a further carbon depletion of solid solution, increase of the average size of carbide particles and recombination of dislocations that reduces their density (Fig. 2) .
Thus, after accelerated cooling termination, the higher distance from the surface of main heat removal the higher temperature of the metal selftempering.
In metal volumes, which are close to the middle of the wheel disc the microstructure is formed by force according to the diffusion mechanism.
Analysis of the internal structure of rapidly cooled metal shows that the structure consists of fine differentiated perlite with small amounts of structurally free ferrite spaced on the edges of perlitic colony.
The thickness of the cementite perlite plates is 0.02-0.04 microns and the layers of ferrite to 0.15 microns. Detailed studies revealed that the structurally free ferrite grains in turn consist of sub grains, the size of which varies in the range 1.5-3.5 microns. The metal volumes in the middle of sub grains have high density of interlocked dislocations and focuses with needlelike ferrite form. The existence of these structural components can be considered as the evidence of defined heterogeneity of cooling rate distribution over the disk cross section or it is connected to liquation of chemical elements in steel microvolumes [12] .
Based on the results of the known studies [1, 2, 13], given structural state of carbon steel near the surface of the main heat removal consists of structural components that were formed as a result of martensite-bainitic transformation with selftempering at temperatures of 200-300 C. The steel strength level with the above mentioned structures can vary in the range 1300-1200 MPa depending on the chemical elements concentration within the grade constitution.
Taking into account the continuous nature of the increase in temperature of accelerated cooling termination of metal layers depending on their distance from the surface of forced cooling, the strength level of carbon steel under study will certainly decrease. Herewith the metal structure in the above mentioned layers will consist of different correlation between the focuses of martensitebainitic structures after self-tempering near the disc surface to ferrite-perlitic structures with different morphology of phase components in the middle.
Given that the strength of carbon steel with martensite structure is primarily determined by the degree of solid solution supersaturation, increase of self-tempering temperature will be accompanied by quite natural development of the processes of its decay. At the same time, as it was described above, the places of disengagement of carbon atoms from the solid solution on dislocations further become globules of carbide phase. Thus, the development of self-tempering process from the temperature of the forced cooling termination actually determines the correlation between the two processes of steel strengthening: from the supersaturation of solid solution and dispersion strengthening from the carbide phase particles. On this basis, it is necessary to assess the correlation of these influencing factors depending on the self-tempering temperature on the strength characteristics of railway wheel carbon steel.
Analysis of ferrite component microhardness shows that in the process of accelerated cooling and holding at the temperatures forced cooling termination, starting from 200 C one can observe the continuous decrease of the carbon atoms concentration in the solid solution (Fig. 3) .
At this, development of the steel softening processes with temperature increase of accelerated cooling termination is to a great extent caused by kinetics of carbon atoms redistribution between the crystal structure defects and the places in the crystalline lattice, defining its tetragonality. One can assess the change in degree of solid solution supersaturation by carbon atoms using the values of ferrite micro hardness ( H µ ). According to angular
, where t is the temperature of accelerated cooling termination for the temperature range 200-300 C, reduction in degree of solid solution carbon supersaturation is caused by high density of defects in the crystal structure and, firat of all, in the dislocations. One can certainly assume that starting from the temperature 350 C almost complete depletion of resource of disengagement of carbon atoms on dislocations is achieved. Confirmation of this statement is a slowdown in the decrease of H µ value in the temperature range 350-400 C (Fig. 3) and a very small reduction in the width of the X-ray interference (110) (Fig. 4) . Then, starting from the 350-400 C temperature we can observe a progressive decrease in the ferrite hardness. As compared to lower temperature of accelerated cooling termination (200-300 C), the nature of metal softening is caused by the qualitatively different processes of structural transformations. Indeed, as show the works [2, 3, 9] , starting from the tempering temperature 350 C carbon steels after martensite quenching already have a certain amount of fine particles of carbide phase. On this basis, the carbon depletion of solid solution will take place due to direct diffusion of carbon atoms from solid solution for carbide particles. This is to a great extent confirmed by the rapid decline in the expansion of X-ray interference (110) (Fig. 4) . The correlation between these processes of structural transformations in rapidly cooled carbon steel is determined solely by the temperature of forced cooling termination and is confirmed by the strength change (Fig. 5) .
The dependence nature analysis of the stress and yielding limits confirms the complex nature of structural transformations depending on the temperature of metal accelerated cooling termination. We can observe corresponding decrease in strength characteristics for the temperatures 200-300 C, due to reducing in degree of solid solution supersaturation.
Almost equidistant run of dependency curves for B σ and T σ (Fig. 5) shows that the main influencing factor is the supersaturation degree of solid solution by carbon atoms in the process of accelerated cooling and the strengthening from the the development of strain hardening has much lesser influence. This is caused by the fact that the development of strain hardening processes is greatly exaggerated by the effect of metal softening due to the carbon depletion of solid solution (Fig.3, 4) . On the other hand, the process of carbon atoms release from the solid solution has dual effect on the strength properties of metal. Thus, the disengagement of carbon atoms from the octahedral sites of ferrite crystal lattice on the dislocations will further promote their strengthening [3, 9, 14] . According to the nature of influence on the hardness this process relates to the strengthening.
Reducing the carbon concentration in ferrite contributes to the appearance of additional quantities of cementite dispersed particles (Fig. 2) . This should improve the strength properties due to the processes of dispersion strengthening. At the slight increase in tempering temperature or holding time under isothermal conditions, the development of carbide phase spheroidization process has the opposite effect. During formation of the more equilibrium cementite globules their number decreases. At the same time, the transition of carbon atoms from the solid solution to the carbide particles is accompanied by a decrease of internal pressures. This is proved by the increase in reflexes contrast on microdiffraction photos [2, 9] and reduction in expansion of X-ray interferences of the ferrite (Fig. 4) .
When the tempering temperature increases to 400 C the structural studies revealed early signs of dislocations redistribution and slight decrease in their density, which is associated with this (Fig. 2) . Participatory development of these processes explains the permanent effect of carbon steel softening during increase of the termination of accelerated cooling temperature for carbon steel in the range 200-450 C (Fig. 5) .
According to the obtained results the complex nature of the influence of carbon steel structural transformations, depending on the temperature range of forced cooling termination was determined. The total effect of metal softening from the reducing in degree of solid solution supersaturation by carbon atoms, reducing the dislocation density and cementite particle coalescence exceeds the strengthening effect from the presence in the structure of fine carbide particles. At low temperatures (300 C) of cooling termination, the main source of steel strengthening are the processes solid solution supersaturation by carbon atoms. The increase in temperature of accelerated cooling termination is accompanied by the indispensible increase in selftempering effect from the metal volumes that are buried from the surface of cooling. The level of strength properties of carbon steel is determined by the compliant influence from the development of processes of dislocations interaction with the carbon atoms at the decay of solid solution and dispersion strengthening from the formation of additional particles of cementite.
Analysis of the dependence of carbon steel strength properties (Fig. 5) showed that in the manufacturing process of all-rolled railway wheels in order to improve the spalling resistance the disk can be subjected to accelerated cooling to the temperatures 300-350 C without significant metal embrittlement.
Originality and practical value
1. The level of strength characteristics of railway wheel carbon steel from the temperature of the forced cooling termination is defined by the influence correlation from the solid solution supersaturation and dispersion strengthening of carbide phase.
2. For the temperatures of accelerated cooling termination 200-300 C the reduction in degree of solid solution supersaturation is the key factor in determining the strength characteristics level.
During manufacture of all-rolled railway wheel one can increase the strength limit of the metal disk by the accelerated cooling to the medium temperature range.
Conclusions
1. Under conditions of carbon steel accelerated cooling the processes of mobile dislocations blocking due to the carbon atoms release and the dispersion strengthening from the formed particles of carbide phase are the sources of strengthening.
2. At the temperatures of forced cooling termination above 300-350 C the rate of decrease in strength properties is determined by the excess of total softening effect from the breakdown of solid solution, spheroidization aped-up and the cementite particles coalescence over the dislocation blocking by carbon atoms and dispersion strengthening.
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ВПЛИВ ТЕМПЕРАТУРИ САМОВІДПУСКА НА МІЦНІСТЬ ДИСКА ЗАЛІЗНИЧНОГО КОЛЕСА ПІСЛЯ ПРИСКОРЕНОГО ОХОЛОДЖЕННЯ
Мета. Робота спрямована на визначення ресурсу підвищення міцності диску залізничного колеса. Методика. Матеріалом для дослідження була вуглецева сталь залізничного колеса зі змістом 0,57 % C, 0,65 % Si, 0,45 % Mn, 0,0029 % S, 0,014 % P, 0,11 % Cr. Залізничне колесо піддавали нагріву до температур вище
